ment of the segmented body plan (Jiirgens et al. 1984; Niisslein-Volhard et al. 1984; Wieschaus et al. 1984) . Nearly 90% of the estimated 1250 essential embryonic genes have no effect on cuticular phenotype . Many of these genes may be involved in specific developmental events that only affect the intemal structures of the embryo. However, the opacity of the embryonic cuticle and the complexity of morphogenetic movements in Drosophila have precluded a systematic genetic analysis of the development of intemal embryonic structures. For such an analysis to be possible, new techniques must be developed to allow easy identification of intemal tissues and cells.
In a limited number of cases, antibodies have been generated that serve as good markers for intemal tissues and cells of Drosophila. Some of these antibodies have been indispensable tools in the identification and analysis of genes that affect cells or tissues recognized by these antibodies (Jan and Jan 1982; Bodmer et al. 1987 ; Thomas et al. 1988 ). Unfortunately, a sytematic screen for markers of this kind involves the generation and analysis of numerous antibodies, which is extremely time-consuming.
An alternative method to produce tissue-and cell-specific markers in Drosophila has been described recently (O'Kane and Gehring 1987) . This system makes use of the 3-galactosidase [lacZ] gene of Escherichia coli as a reporter gene (Lis et al. 1983) . A translational fusion of lacZ to the P-transposase gene places the expression of p-galactosidase under the control of the weak, constitu-Enhancet detection in Drosopbila tive P-transposase promoter. This fusion gene is part of a P-element construct that can be integrated at different locations in the Drosophila genome. The P-transposase promoter may be influenced by nearby genomic regulatory elements that impose temporal and spatial regulation on the fusion gene. This regulation can be visualized in whole-mount embryos by staining with a chromogenic substrate.
We have undertaken an extensive screen with the transposon P [lArB] , one member of a second generation of more versatile P-element constructs containing the PlacZ fusion gene . A recently developed procedure involving simple genetic crosses has been used to generate many independent fly strains carrying single insertions at new locations (Cooley et al. 1988; Robertson et al. 1988) . A great variety of staining patterns have been observed, showing that the V-lacZ fusion gene can come under the control of many different regulatory elements; remarkably, the fusion gene is expressed in a spatially and temporally restricted fashion in -65% of the strains. We believe that a large number of the detected regulatory elements are enhancers, i.e., control sequences that can act at a distance from a promoter and that frequently impose tissue-specific regulation on genes (Serfling et al. 1985) . Therefore, we describe our technique as P-element-mediated enhancer detection. Many strains have been recovered in which specific internal tissues or cells are marked. They will prove valuable as markers in screening for mutations that affect internal embryonic structures. We present a genetic analysis indicating that some insertions are at the same chromosomal location as a gene with a similar expression pattern to that of the V-lacZ fusion gene. In , a molecular analysis is presented, showing that the p-galactosidase expression pattern does indeed reflect the expression pattern of a nearby gene in a significant number of strains. Hence, P-element-mediated enhancer detection screens have multiple applications in the study of Drosophila development.
Results

Generation of new strains carrying an enhancer detector
A novel enhancer detector plasmid, P-lArB , carrying the rosy^iry^] eye color marker was injected into ry^'^ embryos, and five independent ry^ transformant lines were established. One of these transformants, designated P[lArB]6, has a single insertion on the second chromosome. To mobilize the insertion in this strain to new chromosomal locations, we employed the 'jumpstart technique' (Cooley et al. 1988) . The jumpstart scheme is summarized in Figure 1 . In brief, flies carrying a stable genomic P-transposase source, P[ry+A2-3] (99B) (E#2 strain; Robertson et al. 1988) , were crossed to the P[lArB]6 transformant strain (see Materials and methods). The progeny were screened for males carrying both the transposase gene and the P[lArB]6 insertion. These males are referred to as jump- Figure 1 . The jumpstart scheme (for more details, see Materials and methods).
start males. The A2-3 transposase in the germ-line cells of these males can excise P[lArB] and, in some cases, insert it at new locations. Using appropriate genetic markers, progeny carrying new insertions were identified (see Fig. I ). We recovered such strains with insertions on the X chromosome, on the second chromosome balancer CyO, or on a third chromosome marked with j'y506 Because the new insertions were produced by transposition events, we named the resulting insertion strains 'transposants'.
To characterize the transposants, each chromosome containing an insertion was balanced (see Materials and methods). Of a total of 623 balanced transposants analyzed, 537 independent lines were established. The other 86 transposants were eliminated because they showed the same p-galactosidase expression pattern as a sibling transposant. It was inferred that each of these transposants carried an insertion at the same location as the sibling strain and thus was the result of the same premeiotic transposition event in the germ line of the father as its sibling. We recovered 65 insertions on the X chromosome, 233 on the CyO balancer chromosome, and 238 on the ry^°^ chromosome.
We identified recessive lethal, visible, and male and female sterile mutations for the first and third chromosome transposants. Such mutations could not be characterized on the second chromosome because the CyO chromosome is homozygous lethal. Our results are summarized in Table 1 . Because jumpstart males have only one X chromosome and are viable, the X-linked lethal mutations must have been generated in the germ line of these males and are most likely caused by the P-element insertion. This hypothesis is supported by genetic analysis of two of the three transposants (data not shown). However, some of the lethal, visible, and sterile mutations on the third chromosome are not caused by was excised from 18 of these strains using the A2-3 transposase strain (see Materials and methods). For 15 transposants, homozygous viable ly^"^ flies were recovered, suggesting that a P-element was responsible for the lethality. Southem analyses of genomic DNA from four transposants and in situ hybridization to chromosomes of three others using a P-element probe indicated that P[lArB] is the only P-element present in these strains. Therefore, we conclude that 15 of the 18 transposants tested are lethal because of the P[lArB| insertion. Hence, we estimate that 20% of the insertions on the third chromosome, at most, cause lethality. This figure is significantly higher than the 5% lethal mutations recovered on the X chromosome. We have no simple explanation for this discrepancy, but similar observations have been reported previously (Simmons et al. 1985; Cooley et al. 1988 ; for further discussion, see Engels 1988) .
P[1ATB] transposants exhibit a great variety of staining patterns
We analyzed the p-galactosidase expression patterns of 0-to 18-hr-old embryos for 623 transposant strains. A vast array of spatially and temporally regulated expression patterns was observed. Staining patterns of several transposants are shown in Figure 2 . A summary of the embryonic staining patterns and frequencies at which particular tissues express p-galactosidase is shown in Table 2 . As can be seen in Table 2a , only about 5% of the transposants do not express p-galactosidase during embryonic development. Approximately 30% stain in all tissues 'all over', but there is a wide range of staining intensities within this group. Many transposants that stain weakly in all parts of the embryo stain more strongly in particular tissues or cells. About 8% of the transposants express p-galactosidase before cellular blastoderm. Because very few genes are active transcriptionally at this time, such transposants would be expected to express the lacZ fusion gene in the female ovary. 3-Galactosidase has been detected in nurse cells and late-stage oocytes in the ovaries of females from many of these strains .
About 30% of the transposants share a characteristic pattern of lacZ expression, which we refer to as the 'repeated pattem.' In these strains the lacZ gene is expressed at germ-band extension, both anterior to the cephalic furrow and in the posterior dorsal epidermis of each segment. Expression is strongest in alternate segments, i.e., the second thoracic segment (T2) and the first, third, fifth, and seventh abdominal segments (Al, A3, A5, A7; data not shown). The repeated pattem is weaker than most cell-or tissue-specific patterns and frequently is superimposed on other pattems. This pattem has been observed previously in other transformants that carry P-elements that contain lacZ and rosy^ (Ghysen and O'Kane 1989) . Because the insertion position in several of our strains is different, it would appear that regulatory sequences within the P[lArB] constmct are responsible partly for the repeated pattem. However, as most transposants do not exhibit the repeated pattem, the genomic environment clearly can modify the response of the P-transposase promoter to this regulation.
We estimate that 65% of all transposants show at least some degree of spatially specific staining. This figure includes strains that stain weakly all over or with a repeated pattern but that still show a superimposed tissue-specific pattem. The data shown in Table 2b summarize the frequencies at which a particular organ or tissue is stained in these strains. Either all or a subset of cells in the different tissues may express p-galactosidase. Often, we observe quite complex pattems in which several different tissues are stained (e.g.. Fig. 2DD ). About 55% of all transposants express p-galactosidase in the head region. The cells that stain most frequently in the head are likely to be sensory organs of the developing embryo. We have not identified which sensory organs stain, but have noted in many cases that different strains do not stain identically. About 48% of transposants express |3-galactosidase in cells of the central nervous system (CNS), whereas lacZ expression is found in 20% of the cells of the peripheral nervous system (PNS). However, very few transposants stain most or all cells of the PNS. A total of only 5% of transposants show staining in fat body cells, muscle, and other mesodermal derivatives. Table 2c summarizes the frequencies of transposants that stain essentially only one embryonic tissue. These strains make up 15% of the total number of transposants and include marker strains for many different tissues.
Markers for different embryonic tissues and cells
Strains in which the dominant p-galactosidase marker gene is expressed particularly strongly in a specific organ or tissue should be useful in studying the embryonic de- 
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Cold Spring Harbor Laboratory Press on June 10, 2009 -Published by genesdev.cshlp.org Downloaded from velopment of these organs and tissues in Drosophila. Many internal organs or tissues are not identified easily with conventional microscopy techniques in the absence of any staining. Therefore, we focused our attention on the characterization of markers for these internal structures. Table 3 lists a selection of transposants that may be used as tissue-specific marker strains. A more extensive list is available on request. Staining patterns of many of the marker strains are shown in Figure 2 . Staining appears to be confined to the nuclei in most tissues. This can be seen easily in large cells and nuclei, such as those of the amnioserosa (Fig. 2CC ). Examination of histological sections of adult ovaries has confirmed that, at least in this tissue, p-galactosidase is localized to the nucleus . In many cases, this property is useful, as it facilitates tissue identification and improves resolution. The fusion protein presumably is targeted to the nucleus because it contains the amino-terminal end of the P transposase, which is thought to be a nuclear protein.
In a large number of transposants, only subsets of cells in a particular organ are stained. For example, only the germ-line cells of the gonads are stained in the embryo shown in Figure 2Y . Many insertion strains express |3-galactosidase in cells that we have not been able to identify yet, for example, mesodermal derivatives in the embryos shown in Figure 2 , U and V. The embryo shown in Figure 2W expresses (3-galactosidase in two unidentified Figure 2 . Staining patterns of selected marker transposant strains. Embryos were stained for p-galactosidase activity, as described in Materials and methods. All strains are described in Table 3 . In many of the strains, it is clear that p-galactosidase is localized to the nucleus (e.g., CC]. The tissues that are marked clearly in each transposant and the developmental stage of each embryo are given below. In all cases anterior is to the left and dorsal is at the top, unless stated otherwise. {A) A66. Insertion strains selected for their tissue-specific expression of the lacZ gene. All strains listed are PflArB] transposants, with the exception of P[lArB]6, which is a transformant strain, and the Pjiflcry ]A strains, which were recovered as transformants in a previous experiment (O 'Kane and Gehring 1987) . Some of these P[lac,Ty*]A strains have already been described (Ghysen and O'Kane 1989) . The last digit of each transposant strain indicates the chromosome that carries the insertion. If it is followed by an uppercase L, the insertion causes homozygous lethality; if it is followed by a lowercase 1, the chromosome carrying the insertion is homozygous lethal, but we have not determined whether the lethality is due to the insertion (see text). Stage refers to the earliest stage of embryogenesis that p-galactosidase expression was observed. A slash (/) in the cytological map position indicates that the insertion maps at the boundary of the two divisions given. If two divisions are not separated by a slash, the insert may map anywhere within them. Some strains mark additional tissues particularly well: These other tissues or organs are shown in italics in Other tissues and remarks. When only part of the tissue listed in the left-most column of the table expresses p-galactosidase, a more precise description is given in Other tissues and remarks (underlined), which also contains a description of the rest of the staining pattern. Abbreviations: ( figure. cells that are located in the ventral nerve cord. Indeed, numerous other strains shov^ p-galactosidase expression in subsets of cells in the CNS that remain to be identified (e.g., Fig. 2DD) .
In several transposants, a specific cell lineage appears to be stained during its differentiation. This would need to be verified in most cases by follov^ing the stained cells through development in more detail. However, there are some examples where the lineage of the marked cells has been characterized previously and can be correlated with the p-galactosidase staining pattem.
For example, in transposant A490.2M3, one can easily follow the cells that will give rise to the midgut (Fig. 2D , E, and F). At stage 10, the anterior and posterior midgut primordia can be seen clearly as two blocks of cells (Fig.  2Di for staging and description of embryogenesis, see Campos-Ortega and Hartenstein 1985) . These cells move toward each other until they fuse at -60% of egg length at stage 13 (where 0% of egg length represents the posterior pole; Fig. 2E ). Specific staining in the midgut still is observed at stage 17 (Fig. 2F) . A second example of a lineage marker is shown in Figure 2 , P, Q, and R. The only tissue that stains in embryos of this transposant, A176.1M2, is the visceral mesoderm that gives rise to the visceral musculature. p-Galactosidase expression is seen first at stage 12 in two bilaterally symmetrical, longitudinal stripes. Each stripe, which is several cells wide, is composed of a series of strongly staining transverse bands interspersed by more weakly staining ones. Four partly segmented stripes have appeared by stage 13 (see Fig. 2P ), and four lines of nuclei can be seen along the developing midgut at stage 15 (see Fig. 2Q ). These nuclei continue to line the outer circumference of the midgut epithelium as development proceeds (stage 17, see Fig. 2R ).
Transposants carry single insertions
Insertion strains carrying a single P element are readily amenable to a genetic and molecular analysis (Cooley et al. 1988 ). Because we intended to study some transposants in more detail and our staining data reveal that many transposant strains express 3-galactosidase in remarkably complex spatially and temporally regulated patterns, it was important to establish whether the transposants carry single or multiple insertions. Therefore, we decided to map cytologically the P elements in 68 insertion strains [58P(lArB) transposants and 10 P[7ac,ry"^]A transformants recovered by O'Kane and Gehring (1987) ]. Most of these strains were chosen because they stained certain tissues particularly strongly, whereas a few were selected because they exhibit a homozygous recessive phenotype.
Preliminary evidence already suggested that many transposant strains contained single insertions because few individual male progeny of jumpstart males carried insertions on both the second and third chromosomes (see Materials and methods). Cytological mapping of the insertions confirmed that almost all strains carry a single insertion (data not shown); only one strain was shown to carry two insertions, and these are on the same chromosome. This indicates that even complex staining patterns seen in some transposants result from the effects of genomic regulatory elements on a single P element.
The P[lArB] insertions essentially are scattered throughout the genome; however, there are four examples where two independently isolated transposants carry insertions at the same cytological location and show very similar lacZ expression patterns [data not shown). This suggests that there are some sites where P elements insert preferentially, as has been reported previously. All transposons are integrated in euchromatic chromosomal locations, which is also in agreement with previous observations (for review on site specificity, see Engels 1988) .
Some ^-galactosidase staining patterns correlate with the known expression pattern of genes that map nearby
Our results suggest that strains carrying single insertions detect many different regulatory elements and that these elements are highly tissue specific in a substantial number of cases. Furthermore, in a few transposants, the lacZ expression pattern is reminiscent of the known expression pattern of a gene identified previously. Therefore, we undertook a literature search for genes mapping at sites of P[lArB] insertions to determine whether their expression pattern might correlate with the lacZ expression pattern of the corresponding transposant Zimm 1985, 1986; Tearle and Niisslein-Volhard 1987; Merriam 1988) . Five different transposants came to our attention: A208.1M2, mapping at 24D, A109.1F2 at 25B/C, A183.1F2 at 36E, A405.1M2 at 33A, and A140.1F3 at 85D/E, and one transformant strain P[iac,ry+]A63at97D.
The p-galactosidase expression pattern of transposant A183.1F2 (36E) is very similar to the expression pattern of the fasciclin III gene, which also maps at 36E (Patel et al. 1987) . The staining pattern of another transposant strain, A109.1F2 (25B/C) resembles the distribution of transcripts of the collagen type IV gene that maps at 25B (Mirre et al. 1988 ). In , we demonstrate that P[lArB] indeed has inserted into the corresponding loci in these strains.
The expression pattern of P[ii2c,ry"^]A63 (97D) shows striking similarities to the zygotic expression pattem of To7i, which also maps on the third chromosome at 97D (Gerttula et al. 1988) . Tissues that express both lacZ and Toll include the anterior and posterior midgut, foregut, hindgut, mesectoderm, salivary glands, the dorsal vessel, and epidermal cells just posterior to the segmental boundary (see Fig. 3A and B) . However, the two expression patterns are not identical because unlike p-galactosidase. Toll transcripts also are found in preblastoderm embryos, somatic muscles, and tracheal placode invaginations (see Gerttula et al. 1988) . Flies homozygous for the chromosome carrying this insertion are viable and fertile. By remobilizing the P transposon using the E#2 strain carrying the stable transposase gene, we recovered strains derived from the P[7flc,r7'^]A63 flies carrying Figure 3 . Embryonic transposant staining patterns that reflect the expression pattem of nearby genes. Embryos were stained for p-galactosidase activity, as described in Materials and methods {A and B] P[iflc,ry+jA63, which maps near Toll, at stages 10 and 12, respectively. (C and D) A208.1M2, which maps near sip, at stages 11 and 16, respectively; some segmental boundaries are marked by arrowheads. (£ and F) A405.1M2, which maps near spalt, at stages 6 and 10, respectively. Abbreviations are as in Table 3 . third chromosomes that lost the ry^ marker. One of these strains does not complement the female sterility of a recessive Toll allele [ToU^^^^^-, see Tearle and Niisslein-Volhard 1987) , strongly suggesting that the P[lArB] excision event has created a Toll mutation in this case. Therefore, it is likely that V\lac,iy^\h has inserted near or within the Toll gene.
Embryos of transposant A140.1F3 (85D/E) show p-galactosidase expression in all tissues (data not shown), an expression pattern that corresponds to the embryonic transcript distribution of Diasl (85D), a gene that shares homology with the vertebrate Ha-ras oncogene (Neuman-Silberberg et al. 1984; Segal and Shilo 1986) . hi third-instar larvae, the transcripts of Diasl are localized to the brain, imaginal discs, and gonads (Segal and Shilo 1986) . The same tissue distribution of p-galactosidase activity is observed in third-instar larvae of transposant A140.1F3 (Gibson and Gehring 1990) . A more accurate cytological mapping with appropriate probes revealed that both the insertion and the Diasl gene are located at the distal end of 85D.
Three transposants express p-galactosidase at the cellular blastoderm stage in a spatially restricted fashion. The insertions in two of these transposants map at positions of known genes that play a role in early pattern formation. Transposant A405.1M2(33A) shows a staining pattern similar to the transcript distribution of the spalt gene, which maps at 33A1-2 (Frei et al. 1988) . At cellular blastoderm, two intensely stained stripes are observed; the anterior stripe (58-70% of egg length) is slightly wider than the posterior one (8-18%; see Fig. 3E and F) and appears first. Another group of cells expresses p-galactosidase in the dorsal part of the presumptive head region at -85% of egg length. Both during and for some time after the cellular blastoderm stage, the dynamics of the staining pattern and the areas where staining is observed are comparable to those described for the transcript distribution of spalt (Frei et al. 1988 ). However, unlike spalt, we observe no ^-galactosidase expression in the most posterior end of the cellular blastoderm embryo. Furthermore, there is no staining in the repeated pattern seen for spalt during germ-band extension.
A second transposant, A208.1M2 (24D), carries a P[lArB] insertion at the location of sloppy-paired [sip] , an essential pair-rule gene mapping at 24C-D (NiissleinVolhard et al. 1984) . This gene has not been cloned yet, but sip mutations are known to affect the naked cuticle in every other segment (T2, Al, A3, A5, and A7) of firstinstar larvae. The staining pattern in A208.1M2 (24D) embryos has characteristics that are reminiscent of the expression pattern of a pair-rule or a segment polarity gene ( Fig. 3C and D) . In the late cellular blastoderm stage, a broad band of lacZ expression is observed in the head region of A208.1M2 embryos. Seven stripes then appear early in gastrulation, one in every other segment. During early germ-band extension, an additional seven stripes rapidly become visible; within the thoracic and abdominal segments p-galactosidase is expressed at higher levels in T2, Al, A3, A5, and A7 (see Fig. 3C ). By the end of germ-band extension, the 14 stripes are of similar intensity. The stripes are located in the middle of each segment (see Fig. 3D ), which corresponds to the zone of naked cuticle in first-instar larvae.
Discussion
We generated and analyzed >500 transposant strains that carry single insertions of a novel P-element enhancer detector. These strains show a great variety of p-galactosidase expression patterns, reflecting the influence of many different genomic regulatory elements on the V-lacZ reporter gene. P-element-mediated enhancer detection is a very efficient technique for generating tissue-and cell-specific markers. About 65% of transposants show spatially restricted embryonic staining patterns, and many of these mark different cells and tissues. These observations indicate that a great variety of different regulatory elements can be identified with enhancer detectors. Our mapping and staining data show that the P[lArB| transposon inserts at diverse locations, although there may be some limited insertion site preference. It has been estimated that a saturation mutagenesis with P elements would disrupt 50% of all Diosophila genes (for discussion, see Kidwell 1986 ). Therefore, we expect that many more transposants with novel expression patterns are yet to be isolated in future enhancer detector screens.
P[lArBj marker strains facilitate the study of development in Drosophila
Many transposants that we isolated can be used for various purposes as marker strains for internal embryonic tissues and cells. Some of these stain specific cells that are otherwise difficult or impossible to identify. Indeed, in a number of transposants, cell types can be distinguished that have not been recognized previously to our knowledge (see, e.g.. Fig. 2U , V, and W). This is particularly true for cells in the CNS and the head (see Fig. 2W and DD). The details of embryonic development in these tissues essentially have been inaccessible to a developmental and genetic analysis because of the lack of suitable markers. It should now be possible to analyze the phenotypes of mutations that affect the head and the nervous system by observing the effects these mutations have on the various cell-specific staining patterns. Many transposants also provide regional markers in the imaginal discs and brain of third-instar larvae (Gibson and Gehring 1990 ) and adult tissues such as ovaries (Fasano and Kerridge 1988; Grossniklaus et al. 1989) .
It is clear that additional applications exist for this marker system in the study of Drosophila development. For example, there are a number of ways to use the markers in the study of cell lineages. One obvious approach assumes that cells staining early in development are precursors of cells that stain later in the same strain. To be substantiated for a particular strain, this approach would require careful observation and analysis of both the normal pattern and the changes in this pattern in mutants that are known to affect the marked cells (see, e.g., Ghysen and O'Kane 1989) . Other approaches using P[lArB] transposants may be employed to study the lineage of a specific group of cells. Ring X chromosomes may be generated that carry an early, nonmatemal PlacZ marker for these cells. The loss of such a chromosome in female embryos should allow one to determine whether adjacent cells are derived from the same or different cells. Finally, it also may be possible to use X-rayinduced mitotic recombination to study cell lineages. The most serious drawback of this approach is that the P-galactosidase may remain active for several hours in cells that have lost the insertion, a phenomenon that has been called perdurance (Garcia-Bellido and Merriam 1971) .
In another interesting application, the dominant marker strains may also be used genetically to characterize all of the embryos resulting from a cross. This would involve selecting a suitable set of markers on the chromosomes of two parent flies. For example, we generated marked second and third balancer chromosomes, in which p-galactosidase is expressed from an early stage of embryonic development (e.g., Fig. 2GG and the last three strains in Table 3 ). In a cross between flies that carry a lethal mutation balanced with one of these 'blue balancers' it is possible to identify the 25% of embryos that are homozygous for the lethal mutation, because they are the only embryos that do not stain. By using a male parent carrying an appropriate insertion on the X chromosome one also can identify unambiguously male and female embryos long before sexual differentiation has taken place. Alternatively, this could be done with strains that show a sex-specific pattern of expression, if they were to be isolated in a future screen. Such strains would also prove useful in sex-determination studies.
Enhancer detectors may identify the regulatory elements of Drosophila genes
The remarkable frequency with which spatially regulated patterns are observed in transposants poses an obvious question: What fraction of the detected regulatory elements normally control adjacent Drosophila genes? Our cytological mapping data indicate that some of the regulatory elements control genes in the region of the insertion. Currently, 6 of 68 insertions examined map to positions of genes that have or probably have a similar expression pattern to the staining pattern in the transposant strain. In two of these cases, a molecular analysis has confirmed that P[lArB] has inserted into the corresponding genes fasciclin III and collagen type IV .
The staining patterns of three other insertion strains, V[lac,ry+]A63 (97D), A405.1M2 {33A), and A140.1F3 (85D), are similar to the transcript distributions of Toll (97D), spalt (33A), and Drasl (85D), respectively. In the case of P[lac,ry'*']A63 (97D), we observed that embryos do not stain in all tissues reported by Gerttula et al. (1988) for Toll. Moreover, although Toll is expressed maternally, we have not observed staining before the cellular blastoderm stage and have found no staining in nurse cells of female ovaries (U. Grossniklaus, unpubl.) . However genetic evidence demonstrates that the insertion is in or near the Toll gene. These observations suggest that the P-transposase promoter is influenced by some, but not all, of the regulatory elements of the Toll gene. Similarly, the embryonic staining pattern of transposant A405.1M2 (33A) corresponds well, but not exactly, to the transcript distribution of the spalt gene (Frei et al. 1988) . A molecular and genetic analysis has shown recently that the insertion is in the neighborhood of the spalt gene. (J. Bemholz, pers. comm). For AI40.IF3 (85D), it appears that P[lArB] has detected one or more regulatory elements that control the Drasl gene, although we have not characterized this transposant further.
In another transposant, A208.1M2 (24D), the lacZ expression pattern correlates strongly with the mutant phenotype of the sip pair-rule gene that maps near the insertion. Although this gene has not been cloned yet, recent genetic evidence suggests that the insertion does indeed lie close to the sip gene (R.K. Pearson, pers. comm.).
Implications of the P-element enhancer detector screen
Our results suggest that enhancer detectors can be used to identify genes on the basis of their expression pattern. In , molecular evidence is presented that this is indeed the case. Both highly specific and complex staining patterns seem to reflect the distribution of transcripts from a single gene. Even regulatory elements that drive the expression of a neighboring gene in all or most embryonic cells are detected (e.g., Drasl]. We conclude that the enhancer detector appears to show no strong preference toward particular regulatory elements. The range of staining patterns therefore, may be considered to reflect, at least partly, the range of expression patterns of genes in the Drosophila genome. If this is assumed to be the case, we can make a number of observations regarding the general expression patterns of genes during development.
Our data show that -65% of all identified regulatory elements are active in specific embryonic tissues. This suggests that only a minority of genes are expressed in all cells during Drosophila embryogenesis. Even among the 30% of all transposants that do express (3-galactosidase in all parts of the embryo, >50% still express it preferentially in specific tissues. We have noted also a remarkably high proportion of staining patterns that include regions of the head, CNS, or PNS. This is probably a reflection of the complexity of gene expression required to establish the great variety of cell types and connections between different cells within these regions. Relatively few transposants express 3-galactosidase in mesodermal and epidermal cells, suggesting that many less tissue-specific genes are required for the development of these tissues.
The results indicate that many individual genes are expressed in several, apparently unrelated cell types or tissues. It has been suggested that complex expression patterns of this kind may be achieved by the combinatorial action of tr^ns-acting factors and cis-acting elements. The resulting regulatory network may lead to a gene being expressed in tissues in which it is not re-quired because other genes controlled by the same trans-acting factors must be expressed in these particular tissues (Dickinson 1988) . Therefore, a gene product may be required only in some of the tissues in which it is expressed or in which p-galactosidase is expressed in the corresponding transposant. This hypothesis may be tested in some transposant strains by generating deletions around the region of insertion and studying the resulting phenotypic effect (see . The enhancer detector method should be useful for investigating the building blocks from which cis-acting regulatory elements are formed and how they are controlled by trans-acting factors.
In summary, the P-element-mediated enhancer detection system described here is a multipurpose tool with which to analyze development in Drosophila. We used it to generate markers that should allow rapid screening for mutants that affect any marked tissue of interest. Furthermore, the enhancer detector reveals the expression pattern of genes near which it inserts and therefore may be used to isolate genes that are expressed specifically in any tissue or cells of interest . The efficiency with which transposants with novel staining patterns have been generated suggests that future screens will lead to the identification of many more additional tissue-and cell-specific markers and genes. This should allow Drosophila to be more conveniently used as a model eukaryotic system for the analysis of developmental processes that have been difficult to study in the past.
Materials and methods
Detailed protocols for many of the techniques described are available on request (see Wilson et al. 1990 ). Most of the fly strains and detailed lists of staining patterns and cytological mapping positions are available from the Howard Hughes P-element Drosophila Stock Center (Bloomington, Indiana).
Cytological mapping
Biotin labeling of DNA probes and in situ hybridization to larval polytene chromosomes were performed as described by Langer-Safer et al. (1982) . In some cases, the peroxidase reaction was followed by amplification of the signal using a DAB (diaminobenzidine) silver amplification kit (Amersham). For insertions on the first and third chromosomes, the biotin-labeled plasmid p45 [carrying the 7.2-kb Hindlll fragment containing the ly^ gene cloned in Bluescript (Rubin and Spradling 1983) was hybridized to salivary gland spreads prepared from larvae homozygous for each insertion. If the chromosome carrying the insertion was homozygous lethal, balanced heterozygotes were outcrossed to ry^°^ flies and salivary gland spreads prepared from the progeny; spreads with a balancer chromosome (FM6 or TM3] were discarded. Because of its complex cytology, insertions on the second chromosome balancer CyO were not mapped directly; DNA flanking each insertion was cloned first in E. coli by plasmid rescue (see ], and the cloned DNA then was used to probe spreads of wild-type chromosomes.
^-Galactosidase staining
To process large numbers of strains, embryos were stained in the presence of 0.3% (vol/vol) Triton X-100. Embryos were dechorionated first, washed in water, blotted dry, and fixed for 15-20 min in fixing solution [a mixture of 100 ml of 0.1 M PIPES (pH 6.9), 2 mM EGTA, 1 mM MgS04, and 25 ml of 37% formaldehyde). Then they were incubated from 1 hr to overnight (depending on staining intensity) in staining solution [10 mM sodium phosphate (pH 7.2), 150 mM NaCl, 1 mM MgClj, 6.1 mM potassium ferricyanide, 6.1 mM potassium ferrocyanide, 0.2% X-Gal (5-bromo-4-chloro-3-indolyl-3-D-galactoside); the X-Gal is added shortly before incubation from an 8% stock solution in DMSO (modified from Simon et al. 1985) ]. After staining, embryos were washed two to three times in PBS/Triton to remove crystals of X-Gal and mounted. They were viewed with bright-field or Nomarski optics on a Zeiss standard microscope and photographed using Ektachrome 50 slide film at ASA 40. The staining pattern of each strain was recorded on a table before the preparation deteriorated.
Generation of insertion strains
The plasmid P-lArB, carrying the ry^ eye color marker, and the helper P-element pT725.7wc (Karess and Rubin 1984) were injected in ry^'^ embryos to generate transformants, as described in Hiromi et al. (1985) . We selected a transposant with a P[lArB| second chromosome insertion at 54A/B for the jumpstart experiment (Cooley et al. 1988 ). This strain was balanced and crossed to the E#2 stock that carries a stable genomic transposase source P[ry^ A2-3| (99B) (Robertson et al. 1988 ). This and all further crosses were performed at 25°C.
We screened for males having a specific genotype from the progeny of this cross. We refer to these males as jumpstart males. Single jumpstart males were mated to single females of two possible genotypes: Mobilization of the P[lArB| transposon takes place in the germ-line cells of the jumpstart males, and some progeny will be produced that have a P[lArB] insertion at a new location. A proportion of these progeny can be identified by screening for flies that carry neither the P[lArBj (54A/B) chromosome nor the Sfe-marked chromosome containing the transposase gene, but that contain a P[lArB| insertion and are therefore ry^ The chromosomes that may contain a new insertion are indicated with an asterisk (* | in the subsequent crosses.
To recover insertions on the autosomes of male transposants, single males were mated to appropriate females: Examination of the progeny from this cross allowed identification of the chromosome that did not contain a P[lArB] insertion. Less than 2% of the transposants carried an insertion on both the second and third chromosomes. One transposant did not contain P[lArB), either on the second or third chromosome; Enhancer detection in Drosophila it was assumed to be a fourth chromosome insertion strain. Insertions on the third chromosome were balanced with the TM3, Sb ry''* chromosome, and insertions on the CyO balancer chromosome were balanced subsequently with the b Adh" en (carrying an unknown lethal) chromosome. To recover insertions on the X chromosome and the autosomes of female transposants, single females from cross A were mated to the following males: ? X*. CyO*. ry506* X' + 'TM2. ly' r506
Examination of the progeny of this cross usually allowed identification of the chromosome carrying the insertion. First chromosome insertions were balanced already with the FM6 chromosome; second and third chromosome insertions were balanced subsequently with the b Adh" en (lethal unknown) and the TM3, Sb ry'^^ chromosomes, respectively.
Approximately 820 flies carrying P[lArB] insertions at a new location were generated from crosses with 840 individual jumpstart males. Of these 820 fhes, we finally analyzed 624 in detail. We discarded only 13% of the 624 flies, because they most likely carried an insertion at the same location as a sibling strain derived from the same jumpstart male (see Results).
To ascertain whether a lethal or a visible mutation on the third chromosome is caused by the P[lArB] insertion, we performed the following crosses: Recovery oiry Sb'^ flies indicates that the insertion is responsible for the lethal or mutant phenotype if no other P transposons are present in the genome (see Results). Other studies failed to detect mobilization of non-P transposons by P transposase (Eggleston et al. 1988 ).
Cosegregation of P[lAiB] and the lethal phenotype
To provide additional and independent evidence for cosegregation of PflArB] and a lethal mutation, the P[lArBl-containing chromosomes in six lethal strains were allowed to recombine with the ry^'^ chromosome, and the putative recombinant chromosomes carrying PflArB] were balanced over TM3, Sb ry^'^.
Then individual balanced chromosomes were tested for the presence of a lethal mutation. If viable homozygous ry*-flies are recovered, the P[lArB] insertion cannot be responsible for the lethal mutation. More than 125 individual chromosomes were screened for each strain, thus allowing the lethal mutations to be localized to within 1 CM of the P[lArB] insertion.
Stocks
Most balancer chromosomes are described in Lindsley and Grell (1968) . The TM2, ry chromosome was a gift from J. Merriam. The TM3, Sb ry^* was a gift from R. Karess.
